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INTRODUCTION

Abstract

Early-onset familial Alzheimer’s disease (AD) caused by presenilin-1 mutation E280A
(PS1-E280A) presents wide clinical and neuropathological variabilities. We characterized
clinically and neuropathologically PS1-E280A focusing in cerebellar involvement and com-
pared it with early-onset sporadic Alzheimer’s disease (EOSAD). Twelve E280A brains and
12 matched EOSAD brains were analyzed for beta-amyloid and hyperphosphorylated tau
(pTau) morphology, beta-amyloid subspecies 1-40, 1-42 levels, pTau levels, and expression
of stress kinases in frontal cortex and cerebellum. The data were correlated to clinical and
genetic findings. We observed higher beta-amyloid load, beta-amyloid 1-42 and pTau con-
centrations in frontal cortex of PS1-E280A compared with EOSAD. High beta-amyloid load
was found in the cerebellum of PS1-E280A and EOSAD patients. In PS1-E280A, beta-
amyloid localized to the molecular and Purkinje cell layers, whereas EOSAD showed them
in Purkinje and granular cell layers. Surprisingly, 11 out of 12 PS1-E280A patients showed
deposition of pTau in the cerebellum. Also, seven out of 12 PS1-E280A patients presented
cerebellar ataxia. We conclude that deposition of beta-amyloid in the cerebellum is promi-
nent in early-onset AD irrespective of genetic or sporadic origin. The presence of pTau in
cerebellum in PS1-E280A underscores the relevance of cerebellar involvement in AD and
might be correlated to clinical phenotype.

from sequential cleavage of APP (44). Neurofibrillary tangles
(NFT) or neuropil threads and dystrophic neurites result from the

Alzheimer’s disease (AD) is the most common neurodegenerative
disease. Clinically, it is characterized by cognitive decline leading
to severe dementia and death (7). Age is one of the most important
risk factors (23). Approximately 1% to 6% of cases are defined as
early-onset (before the age of 65) and nearly 70% of these are
associated with mutations in amyloid precursor protein (APP),
presenilin-1 (PS1) or presenilin-2 (PS2) genes (4). Late-onset AD
(after the age of 65) has not been associated with a single genetic
trait; however, allele 4 of apolipoprotein E (ApoE) has shown to be
a genetic risk factor and ~40% of these patients show at least one
ApoE4 allele (6).

Definite diagnosis of AD can only be made postmortem. The
neuropathological hallmarks of the disease include brain atrophy,
extracellular deposition of beta amyloid (AP) and neurofibrillary
tangles (24). AP is a 38 to 42 amino acid long peptide resulting
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intracellular accumulation of hyperphosphorylated tau (pTau), a
microtubule-associated protein (22).

The PS1 gene is located on chromosome 14q24.3 and its muta-
tions are the most common cause of early-onset familial AD
(EOFAD). More than 160 pathogenic mutations have been identi-
fied in the PS1 gene (http://www.molgen.ua.ac.be/ADMutations)
(38). PS1 is part of the gamma secretase complex and acts together
with beta secretase to generate A} from APP via the amyloidogenic
pathway (39).

Mutations in PS1 affect APP processing, shifting the ratio
between the production of ABs/AB4 toward the longer, more
aggregation-prone A4, (9). The neuropathological phenotype of
EOFAD with mutations in PSI is diverse. Common features
include abundant deposits of AR and pTau, prominent atrophy
and neuronal loss. Some PS1 mutations show large diffuse
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AP4,-rich cotton wool plaques (38), others show cerebellar amyloid
deposits (32) and one distinct PS1 mutation is characterised by
Pick-type tauopathy in the absence of A (12).

Clinically, PS1 EOFAD is characterized by variable yet early
disease onset and high penetrance (31). This phenotypic variability
is only partially explained by disease modifiers, such as ApoE4 and
environmental factors (35). There is a large kindred of familial AD
with a PS1-E280A missense mutation in Antioquia, Colombia,
with early onset of disease, language difficulties and in late stages
of the disease gait disturbances, seizures and myoclonias (34).
Neuropathological studies have shown faster rates of NFT forma-
tion, high neuronal loss and increased A, levels with cerebellar
pathology (20, 32).

Here we study the neuropathological and biochemical features
of PS1-E280A and EOSAD focusing on cerebellar involvement.
We show abundant A} deposits in the cerebella of PS1-E280A and
EOSAD with pTau as a distinctive feature of PS1-E280A.

MATERIALS AND METHODS

Patients and human brain samples

PS1-E280A genealogy was identified 15 years ago and mutation
carriers were followed up since then (34). Carriers were identified,
and affected patients underwent neurological and neuropsycho-
logical characterizations following the consortium to establish a
registry for Alzheimer’s Disease (CERAD) protocol, National
Institute of Neurological and Communicative Disorders and
Stroke— Alzheimer’s Disease and Related Disorders Association
and Diagnostic and Statistical Manual of Mental Disorders, 4th
Edition criteria as described (2). Patients were followed up clini-
cally every year upon detection of PS1 mutation, and a detailed
clinical database was created from the collected data. Follow-up
was carried out until end-stage dementia and death. For neuro-
pathological studies, a rapid autopsy programme was established.
We collected postmortem brain tissue of 12 PS1-E280A patients
and matched them with 12 EOSAD patients (age of disease onset
below the age of 65, average age of disease onset 56.97 years)
showing corresponding CERAD and Braak stages (neuropatho-
logical analyses were performed by JM, MG and IF) at necropsy
according to established guidelines (5, 18) (Table 1). Diagnosis
of posterior cortical atrophy was excluded in EOSAD patients
following clinical and neuropathological criteria (41). All selected
patients had memory complaints as initial symptoms and all of
them showed severe neuropathological changes in hippocampus
without pronounced pathological involvement of the occipitopari-
etal region. Procedures were performed following ethical standards
of respective institutions. Formalin-fixed samples from frontal
cortex and cerebellum were selected for morphological studies.
Snap-frozen tissues from identical areas were selected for bio-
chemical analysis.

Genetic analyses

Genomic DNA was extracted from whole blood or brain tissue
using standard protocols (19). PS1-E280A and ApoE polymor-
phism characterization was performed as previously described
(35). Briefly, genomic DNA was amplified with the following
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primers: PS1-S 5" AACAGCTCAGGAGAGGAATG 3, PS1-AS
5" GATGAGACAAGTNCCNTGAA 3’, APOE-S 5’ACAGAAT
TCGCCCCGGCCTGGTACACAC 3" and APOE-AS 5'TAAGC
ITGGCACGGCTGTCCAAGGA 3. Restriction enzymes Bsml
and Hhal were used for characteristic fragments generation for
PS1-E280A mutation and ApoE isoforms, respectively. Mutation
screening analyses for EOSAD cases were performed by direct
sequencing of both strands of polymerase chain reaction-
amplified coding exons of PS1 (exons 2—-12), PS2 (exons 3-12)
and APP (exons 16 and 17), according to published protocols
(15). All sporadic cases were confirmed as such after genetic
testing.

Neuropathological methods

All morphological analyses were performed on 3-pum-thick
deparaffinized sections. For haematoxylin, eosin and Gallyas
silver-staining methods, we adhered to published protocols (17).
Immunohistochemical staining was performed following pretreat-
ment for antigen retrieval and probed with monoclonal anti-AB
antibody (6E10, 1:100, Covance, Maidenhead, UK) and anti-pTau
antibody (AT8, 1:1500, Thermo Scientific, Rockford, IL, USA).
Primary antibodies were visualized using a standard diaminoben-
zidine streptavidin-biotin horseradish peroxidase method (Sigma
Aldrich, Hamburg, Germany). Amyloid plaques were assessed
and classified according to standard criteria (13). Cerebral
amyloid angiopathy (CAA) was assessed on frontal cortex speci-
mens according to Vonsattel criteria (46). For quantification of
the AB immunosignal, three representative regions (0.1349 mm?
each) were analyzed by quantifying the area immunoreactive for
AP as a percentage of the total area for each image using the
AxioVision 4.6 software (Carl Zeiss, Oberkochen, Germany)
according to published methods (10). Plaque sizes were deter-
mined morphometrically as follows: immunoreactive area for A}
was divided by the number of identified plaques; values are given
in um?. For quantification of NFT, AT8 immunoreactive struc-
tures resembling tangles (flame-shaped, cone-like or elongated
deposits) were quantified as a percentage of total area. Finally, for
pTau in the cerebellum, three nonconsecutive sections were cut at
a distance of 20 um and at least three representative regions per
section were quantified measuring the area immunoreactive for
pTau (in total 0.4047 mm?).

For double-labelling immunofluorescence and confocal
microscopy, sections were stained with a saturated solution of
Sudan black B (Merck, Madrid, Spain) for 30 minutes to block
autofluorescence, rinsed in 70% ethanol and washed in distilled
water. Primary antibodies were: mouse monoclonal ATS, 1:50
(Innogenetics, Gent, Belgium); mouse monoclonal tauSer212,
1:100 (Calbiochem, Barcelona, Spain); mouse monoclonal p38-P,
1:200 (Cell Signaling, Barcelona, Spain); rabbit polyclonal
SAPK/INK-P, 1:100 (Cell Signaling); rabbit polyclonal GSK-
3BSer9, 1:100 (Calbiochem); rabbit polyclonal GSK-3f Tyr216,
1:200 (Abcam, Cambridge, UK); rabbit polyclonal anti-Af,
1:100 (Dako, Madrid, Spain); and mouse monoclonal anti-Af}
6F/3D, 1:50 (Dako). Secondary antibodies used for immunofluo-
rescence were Alexa488- and Alexa546-labelled (Molecular
Probes, Leiden, the Netherlands) and nuclei were stained with
TO-PRO-3-iodide  (Molecular Probes). Negative controls
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Table 2. Variables’ comparison between groups. EOSAD = early-onset sporadic Alzheimer’s disease; NFT = neurofibrillary tangles; SD = standard

deviation.

Variable PS1-E280A EOSAD Value P
Mean SD Mean SD

Demographic Age of death (years) 56.71 6.38 67.67 6.04 —-4.536 0.000*
Disease duration (years) 11.08 5.32 10.75 1.96 -0.667 0.504
Postmortem index (h) 3.98 1.43 6.58 1.79 -3.27 0.007*
Brain weight (g) 877.38 149.59 1087.5 141.56 -3.534 0.002*

% %

Male gender 25 50 2.426 0.297
ApoE4 25 50 7.552 0.109

Frontal cortex Plaque area (% Total) 36.13 15.84 18.75 8.45 3.335 0.003*
Plaque size (um2) 727.89 329.55 463.75 114.01 2.624 0.020*
Cored plaques 1.69 1.11 1.72 1.24 -0.262 0.794
Neuritic plaques 4.69 1.57 4.94 1.99 -0.348 0.728
Diffuse plaques 76.94 29.1 49.17 22.87 2.6 0.016*
[AB40](ng/ug) 173.12 318.3 27.92 46.23 -2.829 0.005*
[AB42](ng/ug) 377.19 155.47 61.71 28.06 6.918 0.000*
AB42/ AB40 10.76 8.47 6.63 4.49 1.489 0.151
NFT area (% total) 18.32 7.48 31.85 18.27 -2.376 0.027*
[T181 pTaul 685.24 290.67 300.781 170.74 -3.175 0.007*

Cerebellum Plague area (% total) 1.21 0.99 1.72 1.86 -0.841 0.410
[AB40](ng/ug) 65.02 87.31 58.91 151.29 -1.501 0.133
[AB42](ng/ug) 103.48 52.45 24.61 32.72 -3.291 0.007*
AB42/ AB40 6.6 6.89 1.41 0.802 -2.309 0.021*
pTau Area (um2) 737.46 805.20 0 0 — —

Italic letters in analysis results represents nonparametric tests, underlined results are x?, and statistically significant results are marked with asterisks.

included omission of primary antibodies. Sections were mounted,
sealed and examined with a Leica TCS-SL confocal microscope
(Wetzlar, Germany).

Ultrastructural analysis

Cerebellar tissues were fixed in glutaraldehyde and chrome-
osmium, dehydrated in ethanol and embedded in Epon 812 (Serva
Electrophoresis GmbH, Heidelberg, Germany). After polymeriza-
tion, 1-um-thick sections were cut, stained with toluidine blue and
checked for presence of amyloid plaques. Relevant specimens were
further processed for electron microscopy by cutting 60- to 80-nm-
thick sections which were contrasted with uranyl acetate and lead
solution. Sections were viewed in a LEO EM 912AB electron
microscope (Zeiss, Oberkochen, Germany).

Biochemical methods

Sandwich enzyme-linked immunosorbent assay (ELISA) for Ao,
AP4, and tau pT181 was performed as recommended by the manu-
facturer (Invitrogen, Carlsbad, CA, USA). Briefly, 100 mg of snap-
frozen tissue from frontal cortex and cerebellum were homog-
enized in 800 UL of 5 M guanidine HCI/50 mM Tris HCI, for AP
solubilization as reported (25). Homogenate was mixed for 4 h at
room temperature, diluted in phosphate-buffered saline/5% bovine
serum albumin/0.03% Tween 20 and centrifuged at 16 000 g for 20
minutes at 4°C. Supernatant was collected and probed with the
ELISA kit for each antigen. Samples were measured at 450 nm in a
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Bio-tek pQuant spectrophotometer (Winooski, VT, USA) and
expressed as ng/mg of total protein.

Statistical analysis

The data were analyzed using SPSS 17 statistical software (SPSS
Inc., Chicago IL, USA). Analyses included Kolmogorov—Smirnov
and Shapiro—Wilk tests for normal distribution assessment. For
comparison of means, Student’s 7-test (given as t) was applied for
two groups if they were normally distributed. For nonparametric
comparisons, we applied U-Mann—Whitney (given as Z) for two
group comparisons. For association between two variables, Spear-
man’s rho and Pearson’s coefficient were applied. Univariate
analysis of variance was conducted, testing the following depen-
dent variables: AP plaque area, NFT area, AB40 concentration,
AP42 concentration and AB42/AB40 from frontal cortex and cer-
ebellum. They were tested between groups using disease duration,
postmortem delay and ApoE4 status as cofactors. Details on the
applied tests for each variable are given in Table 2. Statistical
significance of all analyses was determined at P < 0.05.

RESULTS

PS1-E280A patients presented with movement
disorder and cerebellar symptoms

The demographic data of patients are summarized in Table 1. As
expected, PS1-E280A patients had earlier age of onset, died
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younger and among demographic data, only brain weights and
postmortem delay were significantly lower in PS1-E280A than in
EOSAD (Table 2). Even though there were different frequencies
in gender and ApoE genotype among groups, these were not sta-
tistically significant. Clinical characterization of patients showed
that 10 out of 12 PS1-E280A patients presented movement disor-
ders such as parkinsonism or dystonia, and that seven patients
showed cerebellar ataxia characterized by ataxic gait or dysdiado-
chokinesia. Also, 11 out of 12 PS1-E280A patients showed lan-
guage complaints such as aphasia. There were no movement
disorders or cerebellar symptoms diagnosed in the EOSAD group
(Table 1).

PS1-E280A shows higher plaque loads and Af..
concentrations than EOSAD in frontal cortex

We quantified amounts of deposited AP and plaque size morpho-
metrically. This analysis showed that PS1-E280A patients had
significantly higher plaque loads than EOSAD in frontal cortex
(Figure 1A and B). We measured and compared plaque size. PS1-
E280A plaques were significantly bigger than those in EOSAD
patients (Table 2). When classified as cored, neuritic and diffuse
plaques, PS1-E280A diffuse plaques were more numerous, while
the number of cored and neuritic plaques was similar in both
groups. CAA was assessed in both groups. All PS1-E280A patients
were grade 3 in frontal cortex. Only some EOSAD patients showed
CAA; three patients were grade 1, two patients were grade 2 and
only one patient was classified as grade 3 (data not shown). Bio-
chemical quantification of AP and A4 in frontal cortex using
ELISA showed significantly more A4, in PS1-E280A, when com-
pared with EOSAD (Figure 1C). Concentrations of AP were
not as high as AP, yet PS1-E280A patients showed statistically
significant higher concentrations than EOSAD. AB4./AB4 ratios
showed higher, yet not statistically significant, ratios for PS1-
E280A than for EOSAD patients. Disease duration, postmortem
delay and ApoE4 status did not influence morphologically or bio-
chemically assessed AP pathology.

Higher concentrations of hyperphosphorylated
tau in frontal cortex of PS1-E280A patients

Although Braak stages in PS1-E280A and EOSAD patients were
identical, PS1-E280A patients showed higher pTau immunosignal
in the form of neuropil threads and dystrophic neurites in frontal
cortex (Figure 2A) than EOSAD patients who showed higher
amounts of classical NFTs (Table 2). PS1-E280A neuropil threads
and dystrophic neurites were not necessarily associated to plaques
(Figure 3, lines A—C). EOSAD patients presented a pTau pattern
characterised predominantly by the presence of neurofibrillary
tangles. We used a sandwich ELISA assay for pTau phosphorylated
in Threonine 181 to quantify pTau biochemically. PS1-E280A
patients showed statistically significant higher T181 pTau concen-
trations than EOSAD (Figure 2B). pTau concentrations correlated
with ABs (r=10.697, P=0.000) and ABs (+=0.677, P =0.000)
concentrations in frontal cortex of both groups. Neither disease
duration nor postmortem delay or ApoE4 status influenced mor-
phologically or biochemically assessed pTau pathology.
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Figure 1. Abundant deposition of AB in frontal cortex of presenilin-1
mutation E280A (PS1-E280A) patients. A. Immunohistochemical stain-
ing for AB in frontal cortex. PS1-E280A patients showed higher number
of diffuse plaques than early-onset sporadic Alzheimer's disease
(EOSAD) (scale bar=100 um). B. Quantification of plaque loads in
frontal cortex. PS1-E280A patients showed statistically significant higher
loads in PS1-E280A when compared with EOSAD. C. Sandwich enzyme-
linked immunosorbent assay for ABs and A4, of frontal cortex. Dots
represent outliers. AR4, levels in PS1-E280A patients were significantly
higher than in EOSAD. *P = 0.05; **P = 0.001.
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Figure 2. Increased pTau concentrations in frontal cortex of presenilin-1
mutation E280A (PS1-E280A). A. Immunohistochemical staining for
pTau in frontal cortex. Early-onset sporadic Alzheimer's disease (EOSAD)
patients showed more typical neurofibrillary tangles and less nonclassi-
cal pTau deposits such as dystrophic neurites than PS1-E280A patients
(scale bar = 100 um). B. Sandwich enzyme-linked immunosorbent assay
for T181 pTau in frontal cortex showing higher concentration of pTau in
PS1-E280A patients when compared with EOSAD. A dot represent one
outlier; EOSAD patients showed significantly lower levels of pTau.
**P < 0.001.

Cerebellar amyloid pathology in PS1-E280A
and EOSAD

The deposition of AP in the cerebellum has been reported in famil-
ial and severe cases of late-onset AD (28, 42). To further investigate
cerebellar AR in PS1-E280A, we measured A loads and concen-
tration of APy and APs, in cerebella of PS1-E280A and compared
these with EOSAD cases. In all PS1-E280A patients, we found
abundant deposits of AP mostly in the form of diffuse plaques.
These were mainly localized in the molecular and Purkinje cell
layers. Surprisingly, we found comparable A loads in 11 out of 12
EOSAD patients (Figure 4A and B, Figure S1A). Plaques were
also mainly diffuse, but in contrast to PS1-E280A they were found
in the Purkinje and granular cell layer. All PS1-E280A patients
showed amyloid angiopathy in the cerebellum while only eight
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EOSAD patients showed amyloid angiopathy (Figure S1B). Bio-
chemical quantification of ABs and AP showed that EOSAD
patients with comparable plaque loads in cerebellum have slightly
less AP4o and significantly less APs, than PS1-E280A (Figure 4C).
There was no correlation between immunohistochemically
detected plaque load and biochemically detected AP and
AB4, concentrations (rho=0.109, P=0.566 and rho=0.338,
P =0.068). The calculated AP4o/AR4 ratio was significantly higher
in PS1-E280A than in EOSAD patients. Cofactor analysis (disease
duration, postmortem delay and ApoE4) showed no influence on
AR cerebellar pathology.

Deposition of hyperphosphorylated tau in
cerebella of PS1-E280A patients

Because AP was detectable in the cerebella of PS1-E280A and
EOSAD patients, we evaluated pTau in cerebella morphologically.
Unexpectedly, we found deposition of pTau in the molecular layer
of cerebella adjacent to AP plaques in 11 out of 12 PS1-E280A
cases (Figure SA; Table 2). No pTau was found in the cerebella of
EOSAD patients (Figure S2A; Table 2). Ultrastructural analysis
of PS1-E280A-affected cerebella showed periaxonal, plaque-
associated and isolated NFT in the granular cell layer (Figure 5B).
Gallyas staining showed no NFT or pretangle deposits
(Figure S2B). EOSAD patients did not show pTau in cerebella.

Differential kinase activation for tau
hyperphosphorylation in PS1-E280A cases

Double-labeling immunofluorescence confocal microscopy of
frontal cortex and cerebellum showed abundant phospho-tau-
immunoreactive neuropil threads but rare dystrophic neurites sur-
rounding amyloid deposits (Figure 3A; data for cerebellum not
shown). Because in sporadic AD, tau phosphorylation is achieved
by kinases such as GSK-3f3, P38-P and SAPK/JNK, we assessed
their distribution in frontal cortex and cerebellum. Practically,
no association was observed between diffuse plaques and GSK-
3BSer9 immunoreactivity (Figure 3B; cerebellum not shown) (14).
Immunohistochemistry to GSK-3B in frontal cortex disclosed
immunoreactive neurites, some of them in association with core
plaques but others not. Interestingly, the anti-GSK-3p antibodies
used, including anti-GSK-3B Tyr216 that recognizes the active
form and anti-GSK-3 Ser 9 directed against the suspected inactive
form of GSK-3fB, decorated neurites (Figure S3). P38-P and
SAPK/JINK-P immunoreactivity was not observed in association
with diffuse plaques in the cerebellum (Figure 6A—F), although
these kinases were expressed in cell processes in association
with mature amyloid plaques in the frontal cortex (see p38-P in
Figure 6G-1) of PS1-E280A cases (Figure 6). GSK-38, P38-P and
SAPK/INK showed strong immunoreactivity in the frontal cortex
of sporadic AD patients (Figure S4).

DISCUSSION

Here we investigated neuropathological features focusing on cer-
ebellar involvement in familial PS1-E280A and EOSAD by
correlating genetic, clinical, pathological and biochemical data.
PS1-E280A patients showed cerebellar ataxia and movement
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Figure 3. Rare association of diffuse plaques with pTau and GSK-3p
in frontal cortex. Double-labeling immunofluorescence and confocal
microscopy of frontal cortex, for AT8 and AB (A-C), and GSK-33Ser9 and
B-amyloid (D-F) in the upper layers of the cerebral cortex. Phospho-tau
immunoreactive structures (green in A and C) were rarely associated

disorders; both sets of symptoms were previously described for
some PS1 mutations (30). In contrast, EOSAD patients showed
no motor symptoms. Regarding neuropathology, we showed that
PS1-E280A patients exhibit high plaque load mostly in large
diffuse and cotton wool plaques, containing mainly AP in
frontal cortex and cerebellum. This is in agreement with previous
reports (26, 38, 43). We extended the neuropathological analysis
of PS1-E280A patients and described the type and amount of
pTau depositions in frontal cortex, which presented differently
when compared with similarly affected EOSAD cases. In this
study, antibodies used for morphological analyses differ from
those used for biochemical analyses, thus measurements are not
directly comparable. In PS1-E280A, there were more neuropil
threads and dystrophic neurites than NFT when compared with
EOSAD. Previously, ELISA pTau quantification of AD brains
showed increased amounts when compared with controls (21).
Here we showed higher amounts of pTau in the frontal cortex of
PS1-E280A patients when compared with EOSAD. A recent
study reported no differences between plaque and pTau load in
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with loose AB plaques (red in B and C). GSK-33Ser9 (green in D and F)
was not colocalized with AB (red E and F). G, H and I: sections incubated
without the primary antibodies as negative control. C, F and I: merge
(scale bar =50 um).

temporal cortex between EOFAD and late-onset AD with similar
Braak stages (48). As PS1-E280A was not included in the study
mentioned previously, it is likely that PS1-E280A behaves differ-
ently from other PS1 mutations. Differences in amount and
pattern of tau phosphorylation can be related with differential
kinase involvement. Therefore, we assessed GSK3f and stress
kinases in PS1-E280A. There was no involvement of GSK-3f3
and stress kinases in Tau hyperphosphorylation at the vicinity of
diffuse plaques in PS1-E280A cases. Immunoreactive neurites for
active GSK-3P were identified but they did not resemble the clas-
sical distribution around AP plaques for neuritic processes. This
is in agreement with recent studies showing decreased PI3K/Akt
and GSK3b activation in the presence of mutated PS1 (3). Previ-
ously, colocalized activity and expression of kinases GSK3p3,
SAPK/INK and p38 with pTau deposits and neurofibrillary
tangles in sporadic AD were proposed as supporting arguments
for the amyloid cascade hypothesis and subsequent pTau (14).
PS1-E280A presents abundant pTau deposits with differential
morphology and kinase activity profile compared with EOSAD
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Figure 4. Deposition of AB in cerebella of presenilin-1 mutation E280A
(PS1-E280A) and early-onset sporadic Alzheimer’s disease (EOSAD).
A. Immunohistochemical staining for AR of cerebella. All PS1-E280A
patients showed amyloid plagues mainly in molecular and Purkinje cell
layers. Eleven out of 12 EOSAD patients showed AB plagues in Purkinje
and granular cell layers (scale bar = 100 um). B. Quantification of plaque
loads in cerebellum. PS1-E280A and EOSAD cases showed similar
loads. €. Sandwich enzyme-linked immunosorbent assay for ABs and
ABa42 in cerebellum. Dots represent outliers; EOSAD patients showed
significantly lower levels of ABs,. *P = 0.05; **P = 0.001.

patients; these findings suggest alternative pathways for pTau
in this variant of familial AD. However, pTau is also likely to be
related here with amyloidogenic pathways because of the
observed correlation with AB4 and A4, concentrations.
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Some AD patients with PS1 mutations showed diffuse amyloid
plaques in the cerebellum (29). We have systematically investi-
gated cerebellar involvement in PS1-E280A and EOSAD. Sur-
prisingly, we detected prominent cerebellar pathology in EOSAD.
Thus, it seems that early onset, indicative of an aggressive clini-
cal course, correlated with cerebellar involvement irrespective
of familial or sporadic etiology. Therefore, cerebellar pathology
might be more common than previously described in sporadic
AD. In 2002, Thal et al registered 17 AD patients with an age of
death above the age of 75 and severe AP pathology, and 12 of
them presented cerebellar involvement (42). Furthermore, Verdile
et al compared eight PS1 EOFAD cases carrying six different
mutations, with five non-PS1 EOFAD cases and six late onset
sporadic AD cases. Cerebellar deposition of AP was mainly seen
in PS1 EOFAD patients. Moreover, PS1 EOFAD cases showed
higher levels of AP, in cerebellum when compared with sporadic
cases and controls, while non-PS1 EOFAD patients showed
similar levels of ABs and AR (45). Our study has provided
further evidence for cerebellar involvement in AD, arguing
against the common practice of employing cerebellum as a nega-
tive control in biochemical studies.

We showed a morphological difference in amyloid plaque dis-
tribution in the cerebellum of PS1-E280A when compared with
the EOSAD. The granular layer was rarely affected in PSI-
E280A while molecular and Purkinje cell layers were always
affected. In contrast, EOSAD exclusively showed amyloid
plaques in the Purkinje and granular cell layers. Our data are in
agreement with earlier studies showing AP deposition in the
molecular layer of patients with PS1 mutations (28). Regarding
sporadic AD, our results disagree with a former study indicating
deposition of AP in molecular layer (42). This difference might
be because of the divergence of age of onset between the two
studies. The topographical relationship between amyloid plaques
and Purkinje cell dendrites in AD has been described (33, 47). It
is possible that Purkinje cells play a critical role in AP aggrega-
tion in cerebellum when APP metabolism is altered because of
APP or PS mutations. However, in EOSAD, AP aggregation
might be influenced by granule cells, Golgi cells or cerebellar
afferents. As oligomeric AP is associated with excitatory syn-
apses, the distribution AP in PS1-E280A and EOSAD is intrigu-
ing, as the two main excitatory inputs in the cerebellum are
Mossy fiber terminals in the granular layer and climbing fiber
synapses of Purkinje cells in the molecular layer (27, 36).

We observed pTau deposits only in the cerebella of PS1-E280A
and not in EOSAD. Interestingly, the deposits were not Gallyas-
positive, yet could be identified as NFT in ultrastructural analysis.
To our knowledge, this is the first demonstration of pTau in the
cerebellum of AD patients (28). Only one study in 1989 reported
tau deposits in the cerebella of AD patients. Because the employed
antibody was non-phosporylation-dependent, it is unclear if the
deposits represented pTau (40). Furthermore, we detected extracel-
lular NFTs in the granular layer of PS1-E280A patients, in some
cases surrounding amyloid plaques. The association of AP plaques
and extracellular NFT has been shown before in temporal cortex of
AD and Down'’s syndrome patients (37). On the other hand, extra-
cellular NFT are related with neuronal loss (8) and are increased in
the hippocampus of PS1 AD (16). Its presence in the cerebellum of
PS1-E280A together with the histological data confirms a distinc-
tive tau-related pathology in these patients.
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PS1-E280A carriers suffer from an early and aggressive
dementia with wide clinical variability and unpredictable dura-
tion of the disease (34), with ApoE and environmental factors as
putative disease modifiers (32, 34, 35). Even though both AD
groups presented severe AP cerebellar pathology, as determined
by morphological and biochemical methods, only PS1-E280A
patients presented cerebellar symptoms and pTau in the cerebel-
lum. Hence, the presence of high levels of pTau in the cerebella
of PS1-E280A patients might represent a disease modifier. Other
PS1 mutations, such as P117A (1), M139V, 1143T, L166P,
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Figure 5. Cerebellar pTau pathology in
presenilin-1 mutation E280A (PS1-E280A). A.
Immunohistochemical staining for A and pTau
in cerebellum. Arrows indicate plague and pTau
localization in molecular layer of consecutive
sections of PS1-E280A (scale bar = 100 um). B.
Ultrastructural analysis of cerebellum in
PS1-E280A. Longitudinally oriented
filamentous structures (neurofibrillary tangles,
arrowheads) could be identified alongside
axons (arrows), in the direct vicinity of fibrillar
compact material (AB-plaques, asterisk) and
isolated adjacent to dystrophic mitochondria
(open triangle) (scale bar = 200 nm).

EOSAD = early-onset sporadic Alzheimer's
disease.

Y256S (29) and L288V (11), present with cerebellar ataxia.
Further studies are needed to clarify pathophysiological involve-
ment of cerebellar pTau in AD.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online
version of this article:

Figure S1. Amyloid deposition in cerebellum of PS1-E280A and
EOSAD. A. Thioflavin S staining in cerebellum of PS1-E280A and
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EOSAD showed fluorescent plaques in molecular and granular
layers respectively. B. Immunofluorescence staining against AP
in the cerebellar cortex showed amyloid angiopathy and diffuse
plaques in the molecular layer and between the molecular and
granular layers of the cerebellum. There was evidence of amyloid
angiopathy in affected vessels.

Figure S2. Dystrophic neurites and pTau in cerebellum of PS1-
E280A. A. Quantification of pTau immunoreactive area in the
cerebellum of PS1-E280A and EOSAD patients. B. Immunohis-
tochemistry with AT8 showed dystrophic neurites in the vicinity
of an amyloid plaque near Purkinje cells. Gallyas staining of
consecutive section showed no related positive structures (scale
bar = 50 um).

Figure S3. Total and active GSK-3f in frontal cortex of PSI-
E280A. Shown are immunohistochemical stainings against anti-
GSK-3f Ser9 (A,C), GSK-3f Tyr216 (B,D) of frontal cortex of
PS1-E280A (A,B) and control (C,D). Immunoreactive neurites are
marked by arrows. Some of them are related with B-amyloid
plaques (asterisks). Staining of the neuropil was negative in control
case (scale bar = 40um).

Figure S4. Kinases immunoreactivity in the frontal cortex of spo-
radic AD patients. Immunohistochemistry for GSK-3f3 (A), P38-P
(B) and SAPK/INK (C) in the frontal cortex of sporadic
AD patients showing immunoreactive neurites (arrows) (scale
bar = 40um).

Please note: Wiley-Blackwell are not responsible for the content or
functionality of any supporting materials supplied by the authors.
Any queries (other than missing material) should be directed to the
corresponding author for the article.
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